[Ca 2 +] (Farber, 1981) . Brierley and colleagues (see Brierley, 1976 ) described a prodromal phase of isch emic cell change with moderately condensed cyto plasm containing "microvacuoles" consisting prin cipally of grossly distended mitochondria.
In experimental cerebral cortical ischemia, extra cellular [Ca 2 +] falls (Rarris et aI., 1981) . To tal brain calcium content rises during reperfusion following prolonged cerebral ischemia (Yanagihara and McCall, 1982; Rossmann et aI., 1983) . Ischemic cell change is seen in selectively vulnerable neurons in the hippocampus [especially pyramidal neurons in cornu Ammonis regions 1 and 3 (CAl' CA3)] di rectly after experimentally induced status epilep ticus (Meldrum and Brierley, 1973) . It has been pro posed that such selective vulnerability can be ex plained in terms of burst firing leading to a sustained, excessive entry of calcium into the vul nerable neurons, with a cytotoxic effect (Meldrum, 1981 (Meldrum, , 1983 . Using the oxalate/pyroantimonate method of Borgers et al. (1977 Borgers et al. ( , 1981 to demon strate the intracellular localization of calcium, Grif fiths et al. (1982, 1983 ) described a massive accu mulation of calcium in the distended mitochondria of selectively vulnerable neurons in the rat hippo campus after 60-120 min of seizure activity. The patterns of selective neuronal damage and loss in the hippocampus after forebrain hypoxia/ischemia are similar to those found after status epilepticus (i.e., they involve predominantly the pyramidal neurons of CAl and CA3; Brierley, 1976) . There fore, we are now describing the timing and cellular selectivity of calcium accumulation in the hippo campus following forebrain ischemia in relation to the progression of the cytological changes that lead to selective neuronal loss. For this purpose we have used a model of forebrain ischemia in which blood flow is completely or nearly completely arrested in neocortex, striatum, and hippocampus by bilateral occlusion of the common carotid arteries and re duction of the MABP to 50 mm Hg (Kagstrom et aI., 1983) . We have studied the hippocampus by light and electron microscopy, using araldite embedding with perfusion-fixed conventional staining techniques and the oxalate/pyroantimonate procedure for calcium, directly after a 30-min pe riod of ischemia and after 30 or 120 min of reper fusion.
METHODS
Fed male Wistar rats, 200-300 g body weight, were anesthetized with 2% halothane and maintained with 70% NP/30% 02' Cannulae were placed in both femoral ar teries and one femoral vein. Animals were paralyzed with 1 mg tubocurarine i. v. and mechanically ventilated at a rate and tidal volume to maintain the Pac02 between 35 and 45 mm Hg. Both carotid arteries were dissected free in the neck and loosely encircled with a snare. Atropine, 0. 06 mg i.v., was administered. The EEG was continu ously recorded using platinum needle electrodes in the scalp. Normothermia was maintained at 37 ± OSC by way of a self-regulating heating pad. After a 20-min period with a stable MABP of > 100 mm Hg and P a02 of > 100 mm Hg, blood was withdrawn to reduce the MABP to 80 mm Hg. Both carotid arteries were then occluded by closing the snares, and further arterial blood was with drawn until an isoelectric EEG was recorded (defined as no activity above background while recording at 50 !LV/cm).
Mean arterial pressure was maintained at 50 mm Hg for 30 min. The carotid snares were then released, and carotid reperfusion distal to the snare was confirmed by visual inspection. MABP was raised to, and maintained at, 100-120 mm Hg by the infusion of blood (previously withdrawn and donor). Animals were perfused, via a trans cardiac cannula in the ascending aorta, at a pressure of 120 mm Hg, with a modified calcium-free Karnovsky's solution [glutaraldehyde/3% paraformaldehyde and 90 mM potassium oxalate, brought to pH 7.4 with KOH, osmolality 1,230 (by freezing point depression)]. This so lution was found to give a superior fixation to that con taining glutaraldehyde only (Griffiths et ai., 1983) . The perfusion was carried out either immediately following, or 30 or 120 min after release of the carotid snares. Brains remained in the heads, immersed in fixative at 4°C, for 24 h. The adequacy of perfusion was confirmed by the absence of intravascular blood upon light microscopy. Six sample sections of dorsal hippocampus were prepared for light and electron microscopy.
The method for the ultrastructural localization of cal cium pyroantimonate was as previously described by us in detail (Griffiths et ai. . 1983 ) and as originally described by Borgers et ai. (1977, 198 1 (Griffiths et ai., 1983) . Control animals from our previous studies utilizing this technique (Griffiths et ai. , 1982 (Griffiths et ai. , . 1983 were used for comparison with our present experimental animals. Semithin sections (1 !Lm) were cut for light microscopy and stained with 1% toluidine blue.
Ultrathin sections (50-80 nm) were mounted on copper grids and stained with 0.5% uranyl acetate for 8 min and 0.4% lead citrate for 10 min. These were examined with a Hitachi 600 electron microscope.
RESULTS
In all animals EEG activity became isoelectric as the MABP fell to 50 mm Hg. It remained isoelectric during the 30-min period of ischemia. No animal regained EEG activity during the reperfusion period (30 min or 2 h).
The pH of the arterial blood at the conclusion of the 30-min period of ischemia fell in the range of 6.85-7.05. The Paco 2 remained in the normal range, indicating that the acidosis was metabolic. The ar terial pH returned to the normal range within 1 h following restoration of carotid flow and elevation of MABP to 100 mm Hg.
Light microscopy
Ta ble 1 summarizes the pathological changes in the dorsal hippocampus according to the duration of the reperfusion period (0, 30, 120 min). For each animal the results from one hippocampal section only are tabulated. No differences were found be tween sample sections from any one animal. The nature of the cell changes varied according to the reperfusion period.
Thirty-minute ischemia. The main structural change at 30 min of ischemia was within the neu ronal nuclei. Clumping of the chromatin is visible both in the pyramidal neurons and in the dentate granule cells (Fig. 1 b and d compared with a and c). The majority of cells seem otherwise unaffected, but there are occasional hyperchromatic neurons with or without microvacuoles ( Fig. Ib and d) .
Thirty-minute ischemia and 30-min reperfusion.
The animals that underwent 30-min ischemia and 30-min reperfusion fell into two groups. Animals I3 and 19 show similar appearances: Almost every neuron is in some degree hyperchromatic and mi crovacuolated ( Fig. 2a and b) . The cells and their nuclei are irregularly shaped. The pyramidal neu rons and granule cells are equally affected.
Animals 40 and 41 show hyperchromatic neu rons, but the majority of these are not microvacu olated.
In all these hippocampi, a few "ischemic cells" proper are observed (Fig. 2a) . The neuropil in the hilus of the dentate gyrus appears "spongy."
Thirty-minute ischemia and 2-h reperfusion. In the animals that underwent 30-min ischemia and 2-h reperfusion, cell changes show great variation. In animals 6 and 34, appearances range from normal neurons (particularly in CA3; Fig. 3a ) to ischemic cell change (Figs. 3 and 4) . The majority of neurons showing ischemic cell change are in the CAl region as it approaches the subiculum (Fig. 3a) . The granule cells appear normal at this stage, but the basket cells and polymorphic neurons in the hilus of the dentate gyrus are severely affected (Fig. 3b) .
In contrast, in animal 39, all of the granule and pyramidal cells appear normal, except for a few ischemic cells in the polymorphic region of the den tate gyrus.
Electron microscopy
We have previously described in detail the dis tribution of calcium pyroantimonate deposits in
control brain tissue (Griffiths et aI., 1983) . Briefly, calcium deposits are prominent in synaptic vesicles and detectable in mitochondria (in threshold amounts), in parts of the Golgi apparatus, in neu ronal and astrocytic nuclei, and sometimes free within astrocytic cytoplasm.
Thirty-minute ischemia. The pyramidal neurons and granule cells from 30-min ischemia (Fig. 5) show little change from the normal. The nuclear chromatin is clumped and more prominent than usual, but in most cells the cytoplasm is unaffected (Fig. 5a ). There is a normal distribution of calcium. However, occasional neurons show microvacuola tion within the cytoplasm. These vacuoles are swollen, disrupted mitochondria, containing dense clusters of calcium pyroantimonate (Fig. 5b) . A slight increase in electron density of the cytoplasm of some cells corresponds to their hyperchromatic appearance by light microscopy.
Pathological changes are more severe in the animals that underwent 30-min ischemia and 30-min reper fusion (Fig. 6 ). The nuclear chromatin is very dense and clumped in every cell, and the nuclear mem branes much more irregular than in controls (Fig.  6a) . In animals 13 and 19, most of the cells have increased cytoplasmic electron density, with swollen, disrupted mitochondria, that contain clus ters of calcium pyroantimonate ( Fig. 6a and b) . In these animals both the pyramidal neurons and granule cells (Fig. 6b) are affected. Many of the neurons appear to have an increased number of ly sosomal bodies within the cytoplasm (Fig. 6a ). An imals 40 and 41 show all of the above changes, but a smaller percentage of cells are microvacuolated. "Ischemic" cells (grade III) occur in each hippo campus. The cells are microvacuolated and ex tremely electron dense, the nucleus being hardly discernible. Vacuoles are identifiable as either swollen mitochondria (containing large amounts of calcium pyroantimonate) or as parts of the Golgi apparatus (Fig. 6c) . Most of these cells are sur rounded by swollen astrocytic processes.
The elements causing the light microscopic "spongy" appearance in the hilus of the dentate gyrus consist of swollen astrocytic processes, nerve terminals (Fig. 7d) , and axons and dendrites (Fig. 7e) .
Thirty-minute ischemia and 2-h reperfusion. A great range of cell changes is evident in the hippo campi from animals that underwent 30-min isch emia and 2-h reperfusion. Neurons that appear normal by light microscopy also appear similar to control material by electron microscopy (Fig. 7a) . In these neurons the calcium deposits are distrib uted as in the control material. Neurons similar to those shown in Fig. 6a An ischemic basket cell can be seen (arrow), and there are ischemic cells in the polymorphic region of the dentate gyrus (PM).
Bar indicates 60 f.Lm. apparently normal neurons (Fig. 7b) . The majority of the granule cells do not look significantly dif ferent from controls (Fig. 7c) , but there are occa sional abnormalities, such as slightly swollen mi tochondria.
DISCUSSION
In the CNS, oligemia or ischemia followed by reperfusion produces damage with a distinct re gional pattern in animals and humans, showing "se lective vulnerability" (Brierley, 1976) . This selec tive vulnerability preferentially involves Purkinje and basket cells in the cerebellum, small pyramidal neurons in lamina III of the cortex, and the pyra midal neurons in zones CAl and CA3_4 of the hip pocampus. Hippocampal damage in CAl and CA3_4 neurons is characteristic of animal models of brain ischemia with recovery (Brierley, 1976) .
In the Levine rat model of unilateral carotid li gation and intermittent exposure to pure nitrogen, Van Reempts and Borgers (1983) used a modified oxalate/pyroantimonate technique to demonstate the ultrastructural localization of intracellular cal cium in the neocortex. In pathologically altered cor tical neurons, calcium accumulation was seen in di lated mitochondria and edematous dendritic pro cesses.
We have used the oxalate/pyroantimonate tech nique to relate the pattern of selective vulnerability in hippocampal neurons during ischemia to the pat tern and time course of calcium accumulation.
In the animals studied here without a period of reperfusion following the ischemia, the predomi nant change at the light microscopic level was clumping of nuclear chromatin. Similar chromatin clumping has been described in models of complete ischemia in which selective patterns of vulnerability are not seen (Kalimo et aI., 1977; Jenkins et aI., 1979) . Such chromatin clumping has been suggested by Tr ump et ai. (1976) to result from cellular aci dosis. A fall in "tissue" pH from 7.1 to 6.3 has been reported in cat brain after 1 h of ischemia (Hoss mann et aI., 1983) .
At the ultrastructural level, no alteration in intra cellular calcium was seen ( Fig. la-d) . Although much of the extracellular calcium becomes intracellular during total ischemia, this does not become visible as mitochondrial deposits. The occasional neurons showing calcium accumulation are prob ably indicative of foci of minimal residual flow (Kagstr6m et aI., 1983) . This would replenish ex tracellular [Ca 2 +] and allow sustained intracellular Ca 2 + influx during the ischemic period.
When 30 min of reperfusion followed the isch emic period, nearly all hippocampal neurons (py ramidal and granule cells) showed cytopathological changes, principally microvacuolation (Fig. 2. ) Ab normal accumulations of calcium were invariably seen in the swollen mitochondria (Fig. 6) . After 30 min of ischemia, the resting (negative) membrane potential is absent and voltage-dependent calcium channels permit the passive entry of Ca 2 +. Resto ration of cerebral blood flow replenishes extracel lular [Ca 2 +] and thus facilitates the Ca 2 + influx until normal resting potential is restored. This process may have a different time course in different types of neurons. The time course of electrophysiological recovery after comparable periods of ischemia in cat cortex as evaluated by single unit activity is 19-50 min (Heiss and Rosner, 1983) . In our study the effects of enhanced calcium entry during the initial repolarization appear to be closely similar in all hip pocampal neuronal types up to 30 min of reperfu sion.
Following 2 h of reperfusion, the pattern of se lective vulnerability to ischemia described by Brierley (1976) was seen. Microvacuolation and ischemic cell change were evident in CAl and CA3_4 neurons, with the most prominent changes in CAl neurons as they approached the subiculum. This selective pattern of ischemic damage is the same as that observed by Pulsinelli et ai. (1982) after four-vessel occlusion followed by 3 h of re perfusion. In our animals the granule cell abnor malities prominent with 30 min of reperfusion were no longer present following 2 h of reperfusion (Fig.  7c) . At the ultrastructural level, the granule cells and many pyramidal cells, especially in CA3, ap peared normal and had normally distributed cal cium. Abnormal calcium sequestration at the ultra structural level was seen only in cells demonstrating neuropathological change at the light microscopic level. The mitochondrial swelling may be viewed as The deposit-filled microvacuoles seem to originate both from mitochondria (m) and the Golgi apparatus (white arrow). The cell is surrounded by swollen astrocytic processes (A). An axosomatic nerve terminal is indicated (black arrow). Bar indicates 1 fLm. a consequence of the accumulation of Ca3(P04h (Hackenbrock and Caplan, 1969) . The finding of many normal neurons in selectively vulnerable hip pocampal regions in animals after 2 h of reperfusion indicates acute recovery from the ischemia and the initial calcium accumulation during reperfusion. Such redistribution of mitochondrial calcium has been described following a 60-min recovery period after prolonged seizures (Griffiths et al., 1984) .
Prolonged seizure activity produces ischemic cell change with the same pattern of selective vulnera bility induced by ischemia. Although some features of neuropathologic change differ between epileptic and ischemic neuronal damage (e.g., focal swellings on basal dendrites in the stratum oriens with dis tended mitochondria are prominent in status epilep ticus; Griffiths et al., 1983) , the highly similar pat tern of ischemic cell change and the ultrastructural appearance of calcium sequestration support a common pathogenic process, as proposed earlier (Meldrum, 1981 (Meldrum, , 1983 ). This may be excessive Ca 2 + entry during burst firing. That calcium plays a key role in ischemic damage was suggested by Shay (1973) on the basis of the impairment of ADP phos phorylation by mitochondria exposed to high [Ca 2 +]. Farber (1981) has attributed the similar mor phologic appearance of "coagulative necrosis" in many tissues following various cellular injuries to a failure of intracellular calcium homeostasis. Evi dence for the toxic action of raised cytosolic [Ca 2 +] comes from many different cell systems. Calcium influx leading to activation of proteases has been implicated in dystrophic change in skeletal muscle cells (Wrogemann and Pena, 1976; Leonard and Sal peter, 1982) . Enhanced calcium entry has also been proposed as the toxic factor in agonist-induced myofibril degeneration in vertebrate and inverte brate muscle (Leonard and Salpeter, 1979; Don aldson et aI., 1983) . Cultured hepatocytes subjected to a variety of membrane toxins survived if calcium was excluded from the media (Schanne et aI., 1979) or if calcium uptake was inhibited by chlorproma zine (Chien et aI., 1977) . Cell death is calcium de pendent in ischemic myocardium (Borgers, 1981) , and the protective effect of lidoflazine in cardiac ischemia is associated with a marked reduction of intracellular calcium accumulation (Flameng et aI., 1981) . In peripheral nerve, breakdown of neurofil aments follows protease activation by enhanced cy tosolic [Ca 2 +] (Schlaepfer, 1977; Schlaepfer and Freeman, 1980) . Intracellular [Ca 2 +] is normally regulated in the range of 20-170 nM, and extracellular [Ca 2 +] is � 1. 5 mM, giving an extracellular/intracellular gra dient of 10,000: 1 (Baker, 1976; Meldrum, 1984) . During ischemia in the brain, extracellular [Ca 2 +] falls to 10-20% of control (Nicholson et aI., 1977; Harris et al., 1981) . During reperfusion, brain tissue calcium content increases by 80-90% (Hossmann et aI., 1983; Yanagihara and McCall, 1982) . Much of this increase is seen to be intracellular. Intracel lular calcium buffering systems serve to prevent the activation of calcium-dependent catabolic pro cesses (I shiura , 1981; Wieloch and Siesj6, 1982) . Such buffering is provided by the calcium binding proteins calmodulin and "vitamin D-dependent calcium binding protein" (Stoclet, 1981; Baim bridge and Miller, 1982) and by calcium sequestra tion in intracellular organelles-endoplasmic retic ulum, synaptic vesicles, and mitochondria (Griffiths et aI., 1982) . The mitochondrial system has an ex tremely large capacity for calcium sequestration since calcium can be stored as inert Ca3(P04h. Such mitochondrial buffering accommodates very large quantities of calcium during sustained seizure ac tivity, and is reversible in cells that survive this pro cess (Griffiths et aI., 1984) . The mitochondria are also major sites of calcium accumulation in isch emic muscle (Publicover et aI., 1978) and ischemic myocardium (Borgers, 1981) .
The studies reported here demonstrate that during the 2-h period of reperfusion following isch emic injury to the brain, diffuse neuropathologic change occurs associated with increased mitochon drial calcium sequestration, which evolves to pro duce the pattern of selective vulnerability. The se lectively vulnerable neurons continue to show mi tochondrial calcium sequestration, whereas other neurons do not. The critical difference in calcium homeostasis between the selectively vulnerable neurons and those without such vulnerability is un certain. Differences in the number of calcium chan- nels, effectiveness of calcium efflux, or absolute in tracellular calcium concentrations may contribute to the explanation.
Burst firing occurs spontaneously in CA3 neurons in various circumstances in vivo and in vitro, and secondarily induces burst firing in CAl neurons (Prince, 1983) . Such burst firing is associated with the entry of Ca 2 + into neurons (Schwartzkroin and Wyler, 1979) . Selective vulnerability was therefore suggested to be the result of cell membrane prop erties producing sustained burst firing with the re sultant toxic accumulation of intracellular calcium (Meldrum, 1981 (Meldrum, , 1983 .
Epileptic activity is observed in humans and an imals during the early recovery period after an ep isode of cerebral ischemia (Levy and Duffy, 1977; Snyder et al., 1980) . Enhanced neuronal activity is recorded in the CA I region 7 -10 h after a 5-min episode of ischemia in the gerbil (Suzuki et aI., 1983a) . A marked enhancement of glucose metab olism is seen in the hippocampus (especially in CAl) 5-50 min after ischemic episodes lasting 10 min in the rat or 5 min in the gerbil (Diemer and Si emkowicz, 1980; Choki et aI., 1983; Suzuki et aI., 1983b) .
The other neurons that we find to be selectively vulnerable to ischemia are the polymorphic neurons in the hilar region. These are predominantly ,),-ami nobutyric acid (GABA)ergic inhibitory interneu rons (Ribak and Seress, 1983) . Such neurons show very rapid firing (up to 500 Hz) during physiological activity (Andersen et aI., 1963) . They show isch emic cell change after periods of hyperactivity lasting ?72 h, induced either by systemic kainic acid or by sustained electrical stimulation of hip pocampal afferents (Sloviter and Damiano, 1981; Sloviter, 1983 ; M. C. Evans et a\., unpublished data). GABAergic inhibitory interneurons in the neocortex of infant monkeys degenerate after a 30-min episode of hypoxia (Sloper et aI., 1980) . How ever, inhibitory interneurons in the CAl zone of the rat hippocampus do not degenerate after 20 min of ischemia (Johansen et aI., 1983) .
That mitochondrial injury may be the determining factor in irreversible ischemic neuronal injury (Brierley, 1976; Chapman, 1982) and that intracel lular calcium toxicity plays a major role in such cell death (Faber, 1981; Meldrum, 1981) are supported by this work. The demonstration of sustained cal cium accumulation in the mitochondria of cells se lectively vulnerable to ischemia and of transient or less marked accumulation in neighboring neurons supplies additional evidence for the concept of "calcium overload" leading to cell death and pro-J Cereb Blood Flow Metabo/, Vol. 4. No.3. 1984 vides impetus to attempts to prevent CNS injury by attenuating intracellular calcium accumulation.
